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(57) ABSTRACT 


A method for fabricating an MxN, P-bit phased-array 
antenna on a flexible substrate is disclosed. The method 
comprising ink jet printing and hardening alignment marks, 
antenna elements, transmission lines, switches, an RF cou- 
pler, and multilayer interconnections onto the flexible sub- 
strate. The substrate of the MxN, P-bit phased-array antenna 
may comprise an integrated control circuit of printed elec- 
tronic components such as, photovoltaic cells, batteries, 
resistors, capacitors, etc. Other embodiments are described 
and claimed. 
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1 
METHOD FOR FABRICATING AND 
PACKAGING AN MxN PHASED-ARRAY 
ANTENNA 


I. STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 


This invention was made with government support under 
contracts N00014-11-C-0704 and NNX09CA37C awarded 
by the Office of Naval Research (ONR) and National Aero- 
nautics and Space Administration (NASA), respectively. 
The government has certain rights in the invention. 


Il. BACKGROUND 


Field of the Invention 

The present disclosure relates generally to the field of 
printed antenna and electronics, and more specifically to 
radiating antenna array and electronics integrated on a 
flexible substrate, and various applications of the same. 

Background of the Invention 

The statements in this section merely provide background 
information related to the present disclosure and may not 
constitute prior art. 

Recently, flexible antenna have become more attractive 
due to the development of several interesting flexible circuit 
components that can be integrated into one system on a light 
weight, conformal flexible platform. Since different com- 
munication tasks require different antenna technologies, a 
flexible antenna is important for several communication 
applications. Unlike the “printed antennas” fabricated on 
rigid printed circuit boards using etching processes, the 
printed antennas on flexible substrates may be fabricated 
using solution processing techniques, such as ink jet print- 
ing, screen printing, offset printing etc., and it is possible to 
wed flexible electronics manufacturing with antenna circuit 
design, in order to develop multifunctional, low-cost, light 
weight, easy-to-fabricate conformal antenna systems on 
flexible substrates such as metal films, plastics, paper, card- 
board, cloth such as for clothing, etc. The printed antennas 
on flexible substrates are rollable, foldable, and light-weight, 
thus making them highly attractive for several applications. 

A very important flexible antenna system, namely the 
phased-array antenna (PAA), is formed by combining the 
flexible antenna elements and electronics, such as transmit/ 
receive (T/R) modules for controlling the system, onto a 
single flexible substrate. Phased-array antenna systems have 
many advantages over mechanically steered antenna arrays 
in terms of speed, sensitivity, and size. They are critical 
components for modern military and commercial radar and 
wireless communication systems. 

A conventional way of fabricating flexible phased-array 
antennas is via fabricating discrete components, such as 
control chips, antenna elements, etc. separately, and then 
integrating the discrete components on a flexible substrate, 
such as a canvas. Although the dual purpose of conformality 
and functionality are achieved through this conventional 
method, the antenna assemblies consist of several discrete 
parts, which require separate fabrication and packaging 
processes, resulting in complex integration and increased 
cost. Additionally, with the conventional method it is not 
possible to integrate other electronic devices such as batter- 
ies, solar cells, RFID, memories, displays, etc. to provide 
additional functionalities. Therefore, what is needed in the 
art is a phased-array antenna system that provides confor- 
mality and functionality as well as integration with other 
electronic devices such as batteries, solar cells, RFID, 
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memories, displays, etc. Additionally, such a system should 
also minimize fabrication complexity and lower the cost. 


Tl. SUMMARY 


A printed phased-array antenna system incorporating the 
functional antenna elements integrated together with printed 
transistors on the same substrate is disclosed. The phased- 
array antenna system comprises a flexible substrate on 
which the antenna array system together with associated 
circuitry is printed, and a printed interconnection layer on 
top to enable control of the electronics from the sides. The 
phased-array antenna system may further comprise an inte- 
grated control circuit having printed electronic components 
such as photovoltaic cells, batteries, resistors, capacitors, 
etc. 

An aspect of the present invention provides a method of 
manufacturing an MxN, P-bit phased-array antenna on a 
flexible substrate together with electronic devices. The 
method comprising: forming the antenna elements, trans- 
mission lines, phase-shifters, and RF couplers on one side of 
the substrate; forming an antenna ground plane on the 
substrate on the side opposite to that containing the antenna 
elements; forming transistors in the phase-shifters; forming 
a dielectric coating with interconnection holes; and depos- 
iting a liquid conductive material on top to form intercon- 
nection lines and fill the interconnection holes. 

This section provides a general summary of the disclo- 
sure, and is not a comprehensive disclosure of its full scope 
or all of its features. Further areas of applicability will 
become apparent from the description provided herein. The 
description and specific examples in this summary are 
intended for purposes of illustration only and are not 
intended to limit the scope of the present disclosure. 

To summarize: 

The primary objective of the invention is to simplify the 
fabrication and integration of phased-array antennas and 
electronics onto a flexible substrate by fabricating both the 
phased-array antennas and electronics concurrently using an 
ink jet printing process. 

The second objective is to package the printed phased- 
array utilizing an ink jet printed multilayer interconnection 
approach, which will enable reliable control of the phased- 
array without the utilization of complex circuitry. 

Other objectives and advantages of the present invention 
will become apparent from the following descriptions, taken 
in connection with the accompanying drawings, wherein, by 
way of illustration and example, an embodiment of the 
present invention is disclosed. 


IV. BRIEF DESCRIPTION OF THE DRAWINGS 


The drawings constitute a part of this specification and 
include exemplary embodiments of the present invention, 
which may be embodied in various forms. The drawings 
described herein are for illustrative purposes only of selected 
embodiments and not of all possible implementations, and 
are not intended to limit the scope of the present disclosure 
in any way. It is to be understood that in some instances, 
various aspects of the present invention may be shown 
exaggerated or enlarged to facilitate an understanding of the 
invention. 

A more complete and thorough understanding of the 
present invention and benefits thereof may be acquired by 
referring to the following description together with the 
accompanying drawings, in which like reference numbers 
indicate like features, and wherein: 
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FIGS. 1A to 1F are schematic drawings showing side and 
top views of the manufacturing steps of the ink jet printed 
phased-array antenna, in accordance with some embodi- 
ments. 

FIGS. 2A to 2C are schematic drawings showing the top 
view of the ink jet printed phased-array antenna device, 
corresponding to the side views shown in FIGS. 1D to 1F, 
respectively, in accordance with some embodiments. 


V. DETAILED DESCRIPTION 
Detailed Description of the Invention 


Detailed descriptions of the preferred embodiments are 
provided herein. It is to be understood, however, that the 
present invention may be embodied in various forms. The 
specific details disclosed herein are not to be interpreted as 
limiting, but rather as a basis for the claims and as repre- 
sentative basis for teaching one skilled in the art to employ 
the present invention in virtually any appropriately detailed 
system, structure, or manner. In all the accompanying draw- 
ings, same numerals are used within each figure to represent 
the same or similar materials, and redundant descriptions are 
omitted. 

FIGS. 1A to 1F show side and top views of the manu- 
facturing process of an ink jet printed phased-array antenna 
10 according to one embodiment of the present invention. 
Initially, as illustrated in FIG. 1A, a first layer, comprising 
alignment marks 101, MxN antenna elements 102, trans- 
mission lines 103, and an RF coupler 104 are ink-jet printed 
on top of the substrate 100 of height h and subsequently 
cured (hardened). M and N may each range from 1 to 100. 
Ink-jet printing and hardening of the first layer comprises 
determining a position for the one or more alignment marks 
on the substrate; determining positions for the RF coupler, 
the MxN antenna elements, and the transmission lines 
relative to the position of the one or more alignment marks; 
depositing a material on the substrate at the position for the 
one or more alignment marks, at the position for the RF 
coupler, at the position for the MxN antenna elements, and 
at the position for the transmission lines, wherein the mate- 
rial comprises at least one of: silver, copper, aluminum, gold, 
conductive polymer, graphene, and carbon nanotubes; and 
curing the material, wherein curing the material comprises: 
irradiating the material with UV, heating the material, expos- 
ing the material to high power, short light pulses, and/or air 
drying the material. The multiple sets of three dots in series 
151 signify that other devices and objects have not been 
shown for clarity, but it is understood that a particular 
number of non-illustrated devices and objects are to be 
included in order to comprise the MxN, P-bit phased-array 
antenna, where P may range from 2 to 8. The transmission 
lines 103 within the phase shifter region 105, which is 
shown in an exploded view from top, feeding an antenna 
element in the i-th row and j-th column (i=1, 2,..., N; j=1, 
2,..., M) include channel gaps of length L, that will be 
utilized to form transistor channels in later steps. For clarity 
of the individual components of the first layer, the side view 
illustrations of FIGS. 1A to 1F do not show the complete 
transmission lines which interconnect the RF coupler, phase 
shifters, and MxN antenna elements. The transmission lines 
which interconnect the components are illustrated in FIG. 
2A to 2C. The channel gaps L, range in length from about 
1 micron to about 100 microns. Depending on the specific 
type of antenna design used, a metal ground plane 106 may 
also be ink jet printed on the substrate 100 on the side 
opposite to that containing the antenna elements 102. The 
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top view of the phase shifters 105 feeding an antenna 
element in the i-th row and j-th column of the MxN antenna 
elements 102 illustrates a P-bit phase shifter, comprising 
different lengths of transmission lines L,_; ,, Loi, ---, Ley 
in one arm, where lengths L,_;,, L>_,,,---, Lpi,are chosen 
to achieve steering at desired angles. There are 2xP channel 
gaps in order to accommodate for 2xP transistors in the 
following fabrication steps for each phase shifter region 105. 

The substrate may comprise any flexible material, such as 
metal films, plastics, paper, cardboard, and cloth such as for 
clothing. The substrate may be made into any arbitrary shape 
and may be in the form of sheets or rolls. The substrate may 
comprise electronic circuitry on the backside, embedded 
within, or on top of the substrate, wherein the electronic 
circuitry is configured to transmit electrical signals. Elec- 
tronic devices may also be developed on top of the substrate 
using printing techniques. In the present invention, the 
alignment marks may comprise metal, dyes, color pigments, 
etc. which turn opaque upon hardening and may be patterned 
into any shape and size. The MxN antenna elements, the 
transmission lines, and the RF coupler, may comprise any of 
the plurality of materials, including but not limited to, silver, 
copper, aluminum, gold, conductive polymers, graphene, 
and carbon nanotubes. One such conductive polymer is 
SU-8 2002 (SU-8) polymer from MicroChem Corp. that 
may be hardened through the use of any of the plurality of 
curing methods, including but not limited to, heating; expos- 
ing to UV radiation; exposing to high power, short light 
pulses; or air drying. 

As shown in FIG. 1A, the first layer, comprising the 
alignment marks 101, the MxN antenna elements 102, the 
transmission lines 103, and the RF coupler 104, is ink-jet 
printed on top of the substrate 100 and subsequently cured. 
One such ink jet printer is a Fujifilm Dimatix Materials 
Printer (DMP-2800). The printer utilizes a piezoelectric 
cartridge to jet material onto the desired area on the sub- 
strate. The range of materials that may be ink jetted is broad 
and depends on the material viscosity. The viscosity should 
range between 10 and 12 cP (1.0x10-? to 1.2x10-? Pa:s) and 
the surface tension should range between 28 and 33 dynes/ 
cm (0.028 to 0.033 N/m) at operating temperature. This type 
of non-contact printing method can easily be extended to a 
roll-to-roll process. 

After printing of the first layer, a first semiconductor layer 
107 is ink jet printed and hardened in and adjacent to the 
channel gap regions L, of each of the phase shifters as 
illustrated in FIG. 1B. The first semiconductor layer fills the 
channel gap regions L, as well as covers some of the 
transmission lines adjacent to the channel gap regions. The 
material for the first semiconductor layer 107 may comprise 
any liquid semiconductor material solution, such as carbon 
nanotubes, graphene, organic semiconductors, and/or silicon 
nanoparticles. In order to determine the position for ink jet 
printing the first semiconductor layer 107, the alignment 
marks 101 are detected using an optical alignment system, 
and the position for the first semiconductor layer 107 is 
determined with respect to the position of the detected 
alignment marks 101. After ink jet printing, the first semi- 
conductor layer 107 is cured (hardened), using any of the 
plurality of curing methods, including but not limited to, 
heating; exposing to UV radiation; exposing to high power, 
short light pulses; or air drying. The top view of the phase 
shifters 105 feeding an antenna element in the i-th row and 
j-th column of the MxN antenna elements 102 shows the 
2xP channel gaps covered with the first semiconductor layer 
107. The side view of the ink jet printed phased-array 
antenna 10 illustrated in FIG. 1B shows the cross-sectional 
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view of the phase shifter region 105 taken along line B-B' of 
the top view of the phase shifters 105 of FIG. 1B. 

Next, a first dielectric layer 108 is ink-jet printed and 
hardened on top of the first semiconductor layer 107 of each 
of the phase shifters, as illustrated in FIG. 1C, such that it 
substantially covers the first semiconductor layer 107 and 
partially covers the transmission lines 103 and the substrate 
100. The material for the first dielectric layer 108 may 
comprise any of the plurality of materials, including but not 
limited to, a conductive polymer such as SU-8, ion-gel, etc. 
which can be hardened through the use of any of the 
plurality of curing methods, including but not limited to, 
heating; exposing to UV radiation; exposing to high power 
short light pulses; and air drying. In order to determine the 
position of printing on top of the first semiconductor layer 
107, the alignment marks 101 are detected using an optical 
system, and the position of printing is determined with 
respect to the position of the detected alignment marks. The 
top view of the phase shifters 105 feeding an antenna 
element in the i-th row and j-th column of the MxN antenna 
elements 102 shows the 2xP channel gaps covered with the 
first dielectric layer 108. The side view of the ink jet printed 
phased-array antenna 10 illustrated in FIG. 1C shows the 
cross-sectional view of the phase shifter region 105 taken 
along line C-C' of the top view of the phase shifters 105 of 
FIG. IC. 

After the printing of the first dielectric layer 108, a second 
conductive layer 109 is ink-jet printed and hardened, as 
illustrated in FIG. 1D, on top of the first dielectric layer 108 
and the substrate 100 and subsequently cured. The material 
for the second conductive layer 109 may comprise silver, 
copper, aluminum, gold, conductive polymers, graphene, 
and carbon nanotubes, which can be cured through the use 
of any of the plurality of curing methods, including but not 
limited to, heating; exposing to UV radiation; exposing to 
high power short light pulses; and air drying. In order to 
determine the position of printing on top of the first dielec- 
tric layer 108, the alignment marks 101 are detected using an 
optical system, and the position of printing is determined 
with respect to the position of the detected alignment marks. 
The top view of the phase shifters 105 feeding an antenna 
element in the 1-th row and j-th column of the MxN antenna 
elements 102 shows the 2xP channel regions containing the 
second conductive layer 109. The side view of the ink jet 
printed phased-array antenna 10 illustrated in FIG. 1D 
shows the cross-sectional view of the phase shifter region 
105 taken along line D-D' of the top view of the phase 
shifters 105 of FIG. 1D. The second conductive layer 109 
comprises conducting lines running continuously from the 
top of the first dielectric layer 108 to the top of the substrate 
100, wherein conducting contact pads are ink jet printed. 
The contact pads may be ink jet printed into any shape and 
size. This step completes the formation of 2xP transistor 
switches 110 for each group of phase shifters of each of the 
MxN antenna elements. 

Next, a second dielectric layer 111 is ink jet printed and 
hardened to cover the phase shifters, as illustrated in FIG. 
1E. The second dielectric layer 111 comprises interconnec- 
tion holes 112, such that the interconnection holes 112 
appear over the conducting contact pads of the transistor 
switches, thus exposing the contact pads of the second 
conductive layer 109 previously ink-jet printed on the sub- 
strate 100. The material for the second dielectric layer 111 
may comprise any liquid dielectric material solution, such as 
a conductive polymer such as SU-8, ion-gel, ete. which can 
be hardened through the use of any of the plurality of curing 
methods, including but not limited to, heating; exposing to 
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UV radiation; exposing to high power short light pulses; and 
air drying. In order to determine the position of printing the 
second dielectric layer 111, the alignment marks 101 are 
detected using an optical system, and the position of printing 
is determined with respect to the position of the detected 
alignment marks. The top view of the phase shifters 105 
feeding an antenna element in the i-th row and j-th column 
of the MxN antenna elements 102 shows the second dielec- 
tric layer 111 with the interconnection holes 112 exposing 
the conducting contact pads of the second conductive layer 
109. The side view of the ink jet printed phased-array 
antenna 10 illustrated in FIG. 1E shows the cross-sectional 
view of the phase shifter region 105 taken along line E-F' of 
the top view of the phase shifters 105 of FIG. 1E. 

Lastly, a third conductive layer 113 is ink jet printed and 
hardened into any shape and size on top of the second 
dielectric layer 111, as illustrated in FIG. 1F. The third 
conductive layer 113 makes contact with the conductive 
pads 108 on the substrate 100 by filling the interconnection 
holes 112 and extending conducting lines in order to enable 
control of the On/Off states of the transistor switches 110 
from the edge of the substrate 100. The material for the third 
conductive layer 113 may comprise any of the plurality of 
materials, including but not limited to, silver, copper, alu- 
minum, gold, conductive polymers, graphene, and carbon 
nanotubes, which can be cured through the use of any of the 
plurality of curing methods, including but not limited to, 
heating; exposing to UV radiation; exposing to high power 
short light pulses; and air drying. In order to determine the 
position of printing the third conductive layer 113 on top of 
the second dielectric layer, the alignment marks 101 are 
detected using an optical system, and the position of printing 
is determined with respect to the position of the detected 
alignment marks. The top view of the phase shifters 105 
feeding an antenna element in the i-th row and j-th column 
of the MxN antenna elements 102 shows the third conduc- 
tive layer 113 with conduction lines emanating from the 
interconnection holes 112 to the edge of the substrate 100. 
The side view of the ink jet printed phased-array antenna 10 
illustrated in FIG. 1F shows the cross-sectional view of the 
phase shifter region 105 taken along line F-F' of the top view 
of the phase shifters 105 of FIG. 1F. 

FIG. 2A shows a top view schematic illustration of the ink 
jet printed MxN, P-bit phased-array antenna 10 after ink jet 
printing of the second conductive layer as described in FIG. 
1D. The multiple sets of three dots in series 201 signify that 
other devices and objects have not been shown for clarity, 
but it is understood that a particular number of non-illus- 
trated devices and objects are to be included in order to 
comprise the MxN, P-bit phased-array antenna. The dashed 
lines 203 along the transmission lines 103 represent the 
transmission lines that would lead to the non-illustrated 
devices and objects. An RF signal applied at the RF coupler 
104 is split using cascaded 50:50 power-splitters 205, such 
that the total physical path length of the transmission lines 
103 from the RF coupler 104 to the input of any of the MxN, 
P-bit phase shifters 210 is substantially equal. The outputs 
from the MxN, P-bit phase shifters 210 each feed one of the 
MxN antenna elements 215, in order to form the MxN 
phased-array antenna. By controlling the On/Off states of the 
transistor switches 110 through applying a DC voltage 
through the contact pads of the second conductive layer, 2xP 
different paths and hence phase shifts for the RF signal can 
be chosen within each phase shifter. By controlling the 
On/Off states of the transistor switches 110 in each of the 
MxN phase shifters, the RF signal can be steered in free 
space at the antenna array. FIG. 2B shows a top view 


US 9,548,543 B2 


ei 


schematic illustration of the ink jet printed MxN, P-bit 
phased-array antenna 10 after ink jet printing of the second 
dielectric layer 111 as described in FIG. 1E. The intercon- 
nection holes 112 for each of the P-bit phase shifters 210 
expose the conducting contact pads of the second conductive 
layer 109. FIG. 2C shows a top view schematic illustration 
of the ink-jet printed MxN, P-bit phased-array antenna 10 
after ink-jet printing of the third conductive layer 113 as 
described in FIG. 1F. The conductive layer 113 provides for 
electrical continuity to each of the P-bit phase shifters 210 
from the edges of the MxN, P-bit phased-array antenna 10. 

The multilayer interconnected MxN, P-bit phased-array 
antenna system 10 formed using this disclosed ink jet 
printing method may be manufactured on any substrate 
material and over large physical areas not possible using 
conventional approaches. The utilization of ink jet printing, 
enables deposition of material only at intended locations on 
the substrate, thereby eliminating wastage of expensive 
dielectric and conductive materials. The method disclosed 
herein also eliminates the use of material removal using wet 
or dry etching, thus, further preventing material wastage. 
Moreover, the utilization of solution processing techniques 
makes the disclosed invention roll-to-roll compatible, thus 
lending itself to low cost, high throughput manufacturing. 

The previous description of the disclosed embodiments is 
provided to enable any person skilled in the art to make or 
use the present invention. Various modifications to these 
embodiments will be readily apparent to those skilled in the 
art, and the generic principles defined herein may be applied 
to other embodiments without departing from the spirit or 
scope of the invention. Thus, the present invention is not 
intended to be limited to the embodiments shown herein but 
is to be accorded the widest scope consistent with the 
principles and novel features disclosed herein. 

The benefits and advantages that may be provided by the 
present invention have been described above with regard to 
specific embodiments. These benefits and advantages, and 
any elements or limitations that may cause them to occur or 
to become more pronounced are not to be construed as 
critical, required, or essential features of any or all of the 
claims. As used herein, the terms “comprises,” “compris- 
ing,” or any other variations thereof, are intended to be 
interpreted as non-exclusively including the elements or 
limitations which follow those terms. Accordingly, a system, 
method, or other embodiment that comprises a set of ele- 
ments is not limited to only those elements, and may include 
other elements not expressly listed or inherent to the claimed 
embodiment. 

While the present invention has been described with 
reference to particular embodiments, it should be understood 
that the embodiments are illustrative and that the scope of 
the invention is not limited to these embodiments. Many 
variations, modifications, additions and improvements to the 
embodiments described above are possible. It is contem- 
plated that these variations, modifications, additions and 
improvements fall within the scope of the invention as 
detailed within the following claims. 

The invention claimed is: 

1. A method for manufacturing an MxN, P-bit phased 
array antenna comprising: 

ink jet printing and hardening a first layer on a substrate, 

wherein the first layer comprises: 

one or more alignment marks; 

an RF coupler; 

MxN antenna elements; and 

transmission lines, wherein the transmission lines com- 
prise 2xMxNxP channel gap regions; 
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ink-jet printing and hardening a first semiconductor layer 
within each of the 2xMxNxP channel gap regions and 
on top of the portion of the transmission lines adjacent 
to each of the 2xMxNxP channel gap regions; 
ink jet printing and hardening a first dielectric layer over 
the first semiconductor layer and on top of the portion 
of the transmission lines and of the portion of the 
substrate adjacent to the first semiconductor layer; 

ink jet printing and hardening a second conductive layer 
on top of the portion of the first dielectric layer posi- 
tioned over the 2xMxNxP channel gap regions and on 
top of the portion of the substrate adjacent to the first 
dielectric layer, wherein the second conductive layer 
comprises 2xMxNxP contact pads adjacent to each of 
the 2xMxNxP channel gap regions with conducting 
lines from the first dielectric layer positioned over the 
2xMxNxP channel gap regions to the 2xMxNxP con- 
tact pads; 

ink jet printing and hardening a second dielectric layer on 

top of substantially the second conductive layer and on 
top of the portion of the transmission lines and of the 
portion of the substrate adjacent to the second conduc- 
tive layer, wherein the second dielectric layer com- 
prises openings positioned over the 2xMxNxP contact 
pads; and 

ink jet printing and hardening a third conductive layer 

within each of the openings positioned over the 2xMx 
NxP contact pads and on top of a portion of the second 
dielectric layer. 

2. The method of claim 1, further comprising ink jet 
printing and hardening a ground plane on the substrate on 
the side opposite that of the first layer. 

3. The method of claim 1, wherein the ink jet printing and 
hardening of the first layer comprises: 

determining a position for the one or more alignment 

marks on the substrate; 
determining positions for the RF coupler, the MxN 
antenna elements, and the transmission lines relative to 
the position of the one or more alignment marks; 

depositing a material on the substrate at the position for 
the one or more alignment marks, at the position for the 
RF coupler, at the position for the MxN antenna 
elements, and at the position for the transmission lines, 
wherein the material comprises at least one of: silver, 
copper, aluminum, gold, conductive polymer, gra- 
phene, and carbon nanotubes; and 

curing the material, wherein curing the material com- 

prises: irradiating the material with UV, heating the 
material, exposing the material to high power, short 
light pulses, and/or air drying the material. 

4. The method of claim 3, wherein the length of the 
transmission lines from the RF coupler to 2xMxN of the 
2xMxNxP channel gap regions are substantially equal. 

5. The method of claim 1, wherein the ink jet printing and 
hardening of the first semiconductor layer comprises: 

detecting the one or more alignment marks on the sub- 

strate; 

depositing a liquid semiconductor material within each of 

the 2xMxNxP channel gap regions and on top of the 
portion of the transmission lines adjacent to each of the 
2xMxNxP channel gap regions, wherein the liquid 
semiconductor material comprises at least one of: car- 
bon nanotubes, graphene, organic semiconductors, and 
silicon nanoparticles; and 

curing the liquid semiconductor material, wherein curing 

the liquid semiconductor material comprises: irradiat- 
ing the liquid semiconductor material with UV, heating 


US 9,548,543 B2 


9 


the liquid semiconductor material, exposing the liquid 
semiconductor material to high power, short light 
pulses, and/or air drying the liquid semiconductor 
material. 
6. The method of claim 1, wherein the ink jet printing and 
hardening of the first dielectric layer comprises: 
detecting the position of the one or more alignment marks 
on the substrate; 
depositing a liquid dielectric material over the first semi- 
conductor layer and on top of the portion of the 
transmission lines and of the portion of the substrate 
adjacent to the first semiconductor layer, wherein the 
liquid dielectric material comprises a conductive poly- 
mer and/or an ion gel; and 
curing the liquid dielectric material, wherein curing the 
liquid dielectric material comprises: irradiating the 
liquid dielectric material with UV, heating the liquid 
dielectric material, exposing the liquid dielectric mate- 
rial to high power, short light pulses, and/or air drying 
the liquid dielectric material. 
7. The method of claim 1, wherein the ink jet printing and 
hardening of the second conductive layer comprises: 
detecting the position of the one or more alignment marks 
on the substrate; 
depositing a second liquid conductive material on top of 
the portion of the first dielectric layer positioned over 
the 2xMxNxP channel gap regions and on top of the 
portion of the substrate adjacent to the first dielectric 
layer, wherein the second liquid conductive material 
comprises at least one of: silver, copper, aluminum, 
gold, conductive polymer, graphene, and carbon nano- 
tubes; and 
curing the second liquid conductive material, wherein 
curing the second liquid conductive material com- 
prises: irradiating the second liquid conductive material 
with UV, heating the second liquid conductive material, 
exposing the second liquid conductive material to high 
power, short light pulses, and/or air drying the second 
liquid conductive material. 
8. The method of claim 1, wherein the ink jet printing and 
hardening of the second dielectric layer comprises: 
detecting the position of the one or more alignment marks 
on the substrate; 
depositing a second liquid dielectric material on top of 
substantially the second conductive layer and on top of 
the portion of the transmission lines and of the portion 
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of the substrate adjacent to the second conductive layer, 
wherein the second liquid dielectric material comprises 
a conductive polymer and/or an ion gel; and 

curing the second liquid dielectric material, wherein cur- 
ing the second liquid dielectric material comprises: 
irradiating the second liquid dielectric material with 
UV, heating the second liquid dielectric material, 
exposing the second liquid dielectric material to high 
power, short light pulses, and/or air drying the second 
liquid dielectric material. 

9. The method of claim 1, wherein the ink jet printing and 
hardening a third conductive layer comprises: 

detecting the position of the one or more alignment marks 

on the substrate; 

depositing a third liquid conductive material within each 

of the openings positioned over the 2xMxNxP contact 
pads and on top of a portion of the second dielectric 
layer, wherein the third liquid conductive material 
comprises at least one of: silver, copper, aluminum, 
gold, conductive polymer, graphene, and carbon nano- 
tubes; and 

curing the third liquid conductive material, wherein cur- 

ing the third liquid conductive material comprises: 
irradiating the third liquid conductive material with 
UV, heating the third liquid dielectric material, expos- 
ing the third liquid dielectric material to high power, 
short light pulses, and/or air drying the third liquid 
dielectric material. 

10. The method of claim 1, wherein the substrate is at least 
one of: a metal film, a plastic, a paper, a cardboard, and a 
cloth. 

11. The method of claim 1, wherein the substrate com- 
prises an integrated control circuit. 

12. The method of claim 11, wherein the integrated 
control circuit comprises photovoltaic cells, batteries, resis- 
tors, and/or capacitors. 

13. The method of claim 1, wherein M ranges from 1 to 
100. 

14. The method of claim 1, wherein N ranges from 1 to 
100. 

15. The method of claim 1, wherein P ranges from 2 to 8. 

16. The method of claim 1, wherein the channel gap of 
each of the 2xMxNxP channel gap regions ranges from 
about 1 micron to about 100 microns. 
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